Ti-Cr-V alloys with a BCC structure have high protium (hydrogen atom) capacities. In considering practical use, protium absorptiondesorption cyclic properties become an important problem. In this paper, the cyclic properties in high-low hydrogen pressure regions are investigated in order to clarify the change of the crystal structure and the protium capacities of appeared phases of the , protides in the Ti-Cr-V alloys and Ti-Cr-Mo, Ti-Cr-Al alloys. As a result, it was found that the crystal structure of the protide phase changed from a BCC structure to a BCT structure by increasing the cycle number in the Ti-Cr-Mo, Ti-Cr-Al alloys similar to the Ti-Cr-V alloys. This result suggests that the lattice will be hard to be contracted gradually along the a-axis direction of the absorbing process with an increasing cycle number. It was also found that protide phase in the alloys which have bad cyclic properties became stable with an increasing cycle number because the low hydrogen pressure region P-C-isotherm curves shifted to the low pressure side with an increasing cycle number. The major reason of this result is considered to be the accumulation of the lattice defects in the alloys with an increasing cycle number.
Introduction
Protium storage alloys are proposed to be used as hydrogen storage tanks for fuel-cell automobiles. Ti-Cr-V alloys with a BCC structure, which are known to have about 3 mass% effective protium desorbing capacity at 373 K, are regarded as one of the candidates for the media of hydrogen storage tanks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In considering practical use of the alloys, it is important to know the absorption-desorption cyclic properties of the alloys.
It is well known that pure V metal transforms into protide phase with a FCC structure form protide phase with a BCT structure that protiums were selectively occupied to the o z sites. It is known, however, Ti-Cr-xV (Ti : Cr ¼ 2 : 3, x ¼ 80 to 5 at%) alloys (at% is abbreviated hereafter) transforms into phase with a FCC structure from phase with a BCC structure. We previously investigated the cyclic properties of the Ti-48Cr-20V alloy in view of the crystal structure of the phase and reported that the crystal structure of the phase changed from BCC structure to BCT structure and the c=a increased with an increasing cycle number. 18) The following two reasons of the crystal structure change of the phase are considered. First, the transformation in the Ti-48Cr-20V alloy might be related to the transformation in pure V metal with an increasing cycle number. Second, the lattice will be hard to be contracted gradually along the a-axis direction in the absorbing process with an increasing cycle number. Thus, the Ti-Cr-Mo, Ti-Cr-Al alloys which have V-free compositions were investigated in view of the crystal structure of the phase similar to the alloys with V in this study. Furthermore, no studies on the cyclic properties in the low hydrogen pressure region have been reported. Therefore, the purpose of this study is to investigate the cyclic properties in high-low hydrogen pressure regions in order to clarify the changes of the crystal structure and the protium capacities of each phase of , protides in the TiCr-V, Ti-Cr-Mo, Ti-Cr-Al alloys with a BCC structure.
Experimental Procedures
All alloys were prepared by arc-melting on a water-cooled copper hearth under an Ar atmosphere. The purities of the raw materials were as follows: Ti, Cr > 99.99 mass%; V > 99.95 mass%. Samples were remelted five times to ensure their homogeneity. Heat-treatment was carried out under an Ar atmosphere. The samples were annealed under an Ar atmosphere at 1673 K for one houre, and then quenched in ice water.
Crystal structures were determined by an X-ray diffractometer (XRD) with Cu-K radiation. The Pressure-Composition-isotherms (P-C-isotherms) were measured using a Sieverts-type apparatus in a high hydrogen pressure region (10 5 -10 7 Pa), on the other hand, the P-C-isotherms in a low hydrogen pressure region (10 À1 -10 5 Pa) were measured using a vacuum Sieverts-type apparatus with a turbo molecular pump (TMP) to evacuate a sample cell. The effective protium capacity was defined as the difference between the protium capacity at a hydrogen pressure of 7 MPa and that at 0.01 MPa during the desorbing process.
It is necessary for the measurements of P-C-isotherms in a low pressure region to perform dehydrogenation treatment. This dehydrogenation treatment was performed with two different processes as follows; one is annealing at 673 K and another is evacuation by TMP at 368 K for 5 days. The process of the annealing was also classified in two separate ways called annealing #1 and #2, by when they were performed. The annealing #1 was performed after activation and the annealing #2 was performed after 100th cycle. Figure  1 summarizes the samples condition for the measurements of P-C-isotherms in the low pressure region. The P-C-isotherm in the low pressure region of sample 1 was measured after annealing #1, just as it was activated. The measurements of the absorption-desorption cycle were performed in the absorbing conditions up to 10 MPa H 2 for 20 min and desorbing by evacuation with a rotary pump for 20 min. The P-C-isotherms in the low pressure region of two samples after the 100th cycle with or without annealing #1 were measured as shown in Fig. 1 . Sample 2 was evacuated after repeating the 100th cycle and sample 3 was evacuated after repeating the 100th cycle by following annealing #1.
Results and Discussion
3.1 Change of the crystal structure of the protide phase with an increasing cycle number It has been found by XRD that all studied alloys have a BCC single phase. The crystal structure of the protide phase, which was measured at the point after desorbing throughout the plateau region, was investigated. Figure 2 shows the XRD patterns of the protide phase in the 1st cycle and 101th cycle for the Ti-18Cr-60V, Ti-48Cr-20V, Ti-55Cr-5M (M = V, Mo, Al) alloys. It was found that the crystal structure of the protide phase in the 1st cycle was a BCC phase and the structure in the 101th cycle was a BCT phase not only for the alloys with V, but also the V free alloys. Thus, a main reason of the change of the phase from BCC to BCT with an increasing cycle number seems to be like the previous second reason that the lattice in the BCT() ! FCC() transformation doesn't have to contract along the a-axis direction during the absorbing process as much as in the BCC() ! FCC() transformation. However, the change of the phase is considered to be affected by the transformation of pure V metal in the alloys with V because c=a of the BCT structure in the alloy with high V content was larger than the one in the alloy with low V content. Figure 3 shows the P-C-isotherms at 323 K for the Ti48Cr-20V alloy in 1st the and the 100th cycle, and the 101th cycle after evacuation by TMP at 368 K for 5 days following the 100th cycle and the 101th cycle after annealing #2 at 673 K for 40 h. Here, the zero points of the P-C-isotherms in the 1st cycle and in the 101st cycle after annealing #2 were the points after dehydrogenation at 673 K, while the zero points of the P-C isotherms in the 100th cycle and in the 101st cycle after evacuation were the points after evacuation. As shown in Fig. 3 , the effective protium capacity in the 100th cycle which was 2.02 mass% was lower than the capacity in the 1st cycle which was 2.45 mass%. It was found that the effective protium capacity of sample 4 after annealing recovered to 2.27 mass%, on the other hand, the effective protium capacity of sample 2 after evacuation was 2.02 mass% as high as the capacity in the 100th cycle. Figure 4 shows XRD patterns of the protide phase measured for the P-C-isotherms with different conditions after evacuation by TMP at 368 K for 5 days following the 100th cycle and after annealing at 673 K for one hour following the 100th cycle for the Ti-48Cr-20V alloy. As shown in Fig. 4 , it was found that the phase measured for P-C-isotherms after annealing was a BCC structure, on the other hand, the phase measured for P-C-isotherms after evacuation was a BCT structure. In considering the symmetry of the BCC structure, it is expected that some dislocations were induced while studying alloys during the absorptiondesorption cycles. In fact, Saitou et al. reported that the cyclic durability of Ti-Cr-V alloys seemed to depend on the V content and numerous dislocations were induced in the alloys with low V content during cycles according to the TEM observation. 15) Thus, this result shown in Fig. 4 suggests that the strain had been accumulated in the alloy by increasing the cycle number and the annealing recovered the lattice defects. In the low hydrogen pressure region, sample 2 in the condition after evacuation by TMP at 368 K following the 100th cycle is able to be regarded as the sample in the 100th cycle from the results shown in Figs. 2 and 3. 3.2 Absorption-desorption cyclic properties in Ti-Cr-M (M = V, Mo, Al) alloys 3.2.1 Effects of the absorption-desorption cycle on the P-C-isotherms in a low hydrogen pressure region The P-C-isotherms in a low hydrogen pressure region were measured for three different conditions in order to investigate the effect of annealing on the cyclic properties. The first condition (Sample 1) was after annealing #1 just as it was activated. The second condition (Samples 2 and 3) was after evacuation by TMP at 368 K following the 100th cycle. The third condition (Samples 4 and 5) was after annealing #2 following the 100th cycle.
Sirasaki reported that the ductility of Ti-Cr-V alloy increases with increasing V content, as a result, the cyclic properties of the alloy improve with increasing V content. 16 ) Figure 5 shows the P-C-isotherms at 368 K in a low hydrogen pressure region for the Ti-12Cr-80V alloy (Samples 1, 2 and 4) which has excellent cyclic properties. As shown in Fig. 5 , all the curves were almost the same in the region to the high pressure region even if the alloy has been repeated after the 100th cycle. Figure 6 shows the P-C-isotherms at 368 K a low hydrogen pressure region for the Ti-55Cr-20V alloy (Samples 1, 2 and 4) which has worse cyclic properties than those of Ti-12Cr-80V alloys. As shown in Fig. 6 , it was found that the curve of sample 2 after the 100th cycle shifted to the side of low hydrogen pressure than the curve of sample 1 and the protide phase may become stable by increasing the cycle number. The main reason of the stabilization of the phase is considered that the site energy of protiums occupying sites became lower by the accumulation of the strains with an increasing in the cycle number. The protide phase for Ti55Cr-5Mo and Ti-55Cr-5Al alloys also became more stable with an increase in the cycle number. Thus, the P-C-isotherm curve in the 100th cycle in the high hydrogen pressure region starts from the side of high protium capacity due to the stabilization of the protide phase. Therefore, it was found that the effective protium capacity decreases with an increasing cycle number not only in the high pressure region, but also in the low pressure region. It was also found that the curve of sample 4 after annealing #2 following the 100th cycle recovered to the one of sample 1. This result indicates that the annealing #2 recovered the strains which had been accumulated in the alloy. Figure 7 shows the P-C-isotherms in the 1st cycle in the high pressure region for the Ti-48Cr-20V alloy. As shown in Fig. 7 , the plateau pressure of the P-C-isotherm curve of annealed sample #1 after activation became higher than that of the as-quenched sample. This result suggests that annealing #1 removed the lattice defects induced by quenching from 1673 K into iced water, which was performed by aiming homogenization of the alloys. It is considered that the lattice defects would be source of the accumulation of the strains with an increasing cycle number. Therefore, it is expected that removal of the lattice defects by annealing #1 before absorption-desorption cycles would suppress the accumulation of the strains caused by cycling. Figure 8 shows the P-C-isotherms at 323 K in high and low hydrogen pressure regions for the Ti-48Cr-20V alloy. As shown in Fig. 8 , it was considered that the annealing after quenching restrains stabilization of the protide phase with an increasing in the cycle number. Table 1 shows the maximum protium capacity in the 1st and the 100th cycle for the Ti-48Cr-20V and Ti-55Cr-5Mo alloys. Table 2 shows the degree of the remaining of the effective protium capacity which was estimated C 100th =C 1st for all the studied alloys, where C 1st means the effective protium capacity in the 1st cycle and C 100th means the effective protium capacity in the 100th cycle. As shown in Table 2 , it was found that the C 100th =C 1st for the sample with the 100th cycle following annealed #1 is larger than the C 100th =C 1st for the sample with the 100th cycle just as it was without annealing #1. Ti-48Cr-20V 323K Sample1 annealed #1 at 673k for 1h after activation Sample3 evacuated at 368K for 5days after 100th cycle Sample5 annealed #2 at 678K for 40h after 100th cycle Samples in 100th cycle with annealing #1 
Effects of annealing #1 after activation of the cyclic properties

Conclusions
The cyclic properties in high and low hydrogen pressure regions in view of the changes of the crystal structure and the protium capacities of each phase of , protides for the TiCr-V, Ti-Cr-Mo, Ti-Cr-Al alloys with BCC structure have been investigated and the following conclusions have been derived.
(1) The crystal structure of the protide phase in the TiCr-Mo, Ti-Cr-Al alloys changed from a BCC structure to a BCT structure similar to the Ti-Cr-V alloy. (2) The phase measured for P-C-isotherms after annealed following the 100th cycle was a BCC structure, on the other hand, the phase measured for P-C-isotherms after evacuated following the 100th cycle was a BCT structure. (3) The protide phase became more stable with an increasing cycle number for the Ti-48Cr-20V, Ti55Cr-5Mo, Ti-55Cr-5Al alloys. (4) Annealing after quenching from high temperature is able to restrain the stabilization of the protide phase with increasing in the cycle number.
(5) It was found that the C 100th =C 1st for the sample with the 100th cycle following annealed #1 is larger than the C 100th =C 1st for the sample with the 100th cycle just as it was without annealing #1. 
